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(57) Abstract 

A method and apparatus for performing optical imaging on a sample wherein longitudinal scanning or positioning in the 
sample is provided by either varying relative optical path lengths for an optical path leading to the sample and to a reference ref- 
lector (32), or by varying an optical characteristic of the output from an optical source applied to the apparatus. Transverse scan- 
ning in one or two dimensions is provided on the sample by providing controlled (28) relative movement between the sample and 
a probe module in such direction and/or by steering optical (18) radiation in the probe module to a selected transverse position. 
The probe module may be an external module or may be an endoscope or angioscope utilized for scanning internal channels. 
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METHOD AND APPARATUS FOR OPTICAL 
IMAGING AND MEASUREMENT 

Field of the Invention 

This invention relates to optical imaging, 
including utilizing such images to perform precision 
measurements on biological and other samples. 
Background of the Invention 

There are many industrial , medical , and other 
applications where high resolution (generally less 
than 10 micrometer) images of, and measurements of 
distances, thicknesses, and optical properties of, a 
biological or other sample are required. 

Existing techniques for performing such 
measurements include optical coherence domain 
ref lectometers (OCDR) , optical time domain 
reflectometry (OTDR) , ultrasound; scanning laser 
microscopes, scanning confbcal micrbscopes, scanning 
laser ophthalmoscopes and optical triangulation. 
Existing OCDR systems do not normally have the rapid 
data acquisition rate required for the measurement 
of biological or other samples having the potential 
for dynamic movement; while OTDR systems are very 
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expensive and have only limited resolution and 

dynamic range. 

Ultrasound, which is perhaps the most commonly 
used technique, is disadvantageous for applications 
such as takino measurements on the eye in that, m 
order to achieve the required acoustic impedence 
matches, and to thus avoid beam losses and 
distortion, contact is generally required between 
the ultrasonic head or probe and the product or 
patient being scanned. While such contact is not a 
problem when scans are being performed on, for 
example, a patient's chest, such probes can cause 
severe discomfort to a patient when used for talcing 
eye measurements such as those used for measuring 
intraocular distances for computing the power of 

lens inrolants. 

The" relatively long wavelengths employed in 
ultrasound also limit spatial resolution. Further, 
ultrasound depends on varying ultrasound reflection 
and absorption characteristics to differentiate and 
permit recording or display of tissue, or other 
boundaries of interest. Therefore, when the 
acoustic characteristics of adjacent layers to be 
measured are not significantly different, ultrasound 
may have difficulty recognizing such boundaries. 

Scanning laser or confocal microscopes and 
scanning laser ophthalmoscopes (SLO) provide highly 
spatially resolved images, for example being able to 
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generate real time video images of the eye with a 
lateral resolution of a few micrometers . However, 
the depth resolution of SLO's quickly degrade with 
decreasing numerical aperture. For example, SLO 
measurements of the retina through the pupil 
aperture restrict the depth resolution to roughly 
200 microns. SLO's are also expensive, costing in 
the range of a quarter million dollars. 

Optical triangulation offers fairly high, 
resolution, but requires parallel boundaries. Such 
devices also have relatively poor signal-to-noise 
ratios and have degraded resolution at greater 
depths, where numerical aperature is restricted. 

A need, therefore, exists for an improved method 
and apparatus for performing high resolution 
measurements and in particular for optically 
performing such measurements, which improved 
technique does not require contact with the body 
being measured, which maintains substantially 
constant high resolution oyer a. scanning depth of 
interest, regardless of available aperture size and 
which is relatively compact and inexpensive to 
manufacture. Such a system should also be capable 
of providing differentiation between sample layers, 
should be able to provide identification of layer 
material or of selected properties thereof, should 
be able to provide one, two and three-dimensional 
images of a scanned body and should be rapid enough 
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for use in biological and other applications where 
the sample being measured changes ever relatively 
short time intervals. Finally, it would be 
desirable if such technique could also provide 
information concerning the birefringence property 
and spectral properties of the sample. 

More specifically, a need exists for a means to 
perform scanning of a sample in at least one 
transverse direction at a selected longitudinal 
depth, with the capability of also scanning in the 
longitudinal direction. Further, particularly in 
medical application, it is frequently desirable to 
provide such scans inside of tubular or other 
structures such as blood vessels, the bronchial tree 
of the lungs, the gastrointestinal tract, the 
genital tract or the urinary tract, using an 
angioscope or endoscope. In order for such scanning 
to be performed, a probe must be provided which is 
capable of being mounted in an endoscope or 
angioscope for performing internal scans. 

While typically a scan would be completed 
through the full depth range at a given lateral 
and/or transverse position before repositioning to 
the next position, this may require scanning of the 
mirror or other element used for performing 
longitudinal range or depth scans at a rate higher 
than the capacity of existing equipment. This is 
particularly true where the longitudinal scan 
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produces a Doppier shift frequency which affects the 
interf erometric signal frequency and hence the 
system sensitivity. It is, therefore, desired that 
such scanning be performed at a constant velocity. 
However, since very high speed longitudinal scanning 
at a constant velocity is difficult to achieve, 
where two or three dimensional scanning is being 
performed, other scan patterns may be required. 
Further, in some applications, it may be desirable 
to perform transverse scanning in one or two 
dimensions at . a selected longitudinal position or 
depth. 

Another problem which becomes particularly 
serious when transverse scanning is being performed 
is that the bandwidth of the received signals 
increases beyond the inherent Doppier frequency 
shift of the system. In such cases, aliasing (i.e. 
variations in image intensity) may occur. It is, 
therefore, desirable that a technique be provided to 
enhance resolution by eliminating or averaging out 
such intensity variations. 

Another problem with the prior system is that, 
if scanning is to be conducted over an extended 
depth range, a smaller numerical aperture must be 
used so as to extend the depth of focus. However, 
this reduces lateral resolution and the received 
optical signal power throughout the range. A need, 
therefore, exists for ^ technique which permits the 
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i ,n 0 mire over an extended 
use of a large numerical aperture ove 

reS ult fro. performing "ZZT^eVrte*** »ay be 
mechanically -^^"^^^^onicaaiy. for 
overcome by performing this scan 
exa mole by varying the optical frequency 

rr. . *— - :nr such as 

the eye the scanning speed required to do 
^dimensional scanning may «- *«■ 
parallel scanning technique may be preferab 
be required. 

summary of t feg Invention OD , ica l 
a need exists for improved optical 

coherence domain ref lectometer <°°>*> 

paging and measurement *^n, f ~.^«i« I L 1 T 

measurements at either inte rnal or 

longitudinal or depth range to 
external sables with sbarp 
reS olution and sensitivity over the 

in accordance with the above, this inve 
pcov L a method and apparatus tor P« ™ 
Optical imaging and measurements on a sample by 
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applying optical radiation, which radiation has a 
short coherence length for preferred embodiments, to 
a reference optical reflector and to the sample 
through first and second optical paths 
respectively. The optical paths are preferably 
fiber optic paths. The longitudinal range within 
the sample from which imaging information is 
obtained is controlled by/ for example, altering the 
relative lengths of the paths or by varying the 
frequency or intensity of the source in accordance 
with a predetermined profile. The lateral or 
transverse position on the sample at which imaging 
or measurements are being performed may also be 
selectively changed. This can result in imaging 
being performed on the sample in at least one 
transverse dimension. Where the profile.for 
longitudinal scanning is a steppable profile, 
transverse scanning in one or two dimensions may be 
performed at any selected longitudinal range. 
Reflections from the reflector through the first 
optical path and reflections from the sample 
received through the second optical path are 
combined, the resulting combined optical output 
having interference fringes at matched points, for 
example, length matched points, on the two paths and 
having an instantaneous modulating frequency which 
may include a Doppler shift frequency at a frequency 
f D ~NV/V for embodiments where relative path 
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lengths are being altered with a velocity profile 
having an instantaneous velocity V at each point on 
the profile. The combined output is detected and 
the detected output is processed to obtain a 
selected image of the sample and/or information 
concerning selected measurements. 

For embodiments where V is to be substantially 
constant over the scan range, the changes in first 
oath lenarh may be ramped, with the change in one 
direction occurring at the velocity V and the change 
in the other direction occurring much more rapidly. 
The changes in first path length may also have a 
trianoular pattern, with the change in at least one 
direction being at the velocity V. The scan pattern 
may also be a sinusoidal pattern. With uniform 
velocity, measurements would be taken during a 
translation which occurs at the velocity v and may 
occur for path length changes in both directions 
with a triangular drive. With a sinusoidal drive, 
the nonlinearity may be detected and taken into 
account in subsequent processing. 

The system is preferably implemented utilizing 
optical fibers in the optical paths; however, the 
system may also be implemented utilizing bulk optics 
or other optical components. Where optical fibers 
are employed, the lengths of the paths and the 
lengths of the fibers in the paths are preferably 
both substantially equal. 
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The changes in the first optical path are 
preferably accomplished by reciprocating the mirror 
or other reference reflector in a direction 
substantially perpendicular to the optical path. A 
suitable means may be provided for maintaining the 
reflectbr in alignment in spite of movement and 
wobble of the reflector as it is moved. The 
numerical aperture for the coupling to the sample 
should also correspond to a depth field equal to a 
predetermined depth extent within the sample over 
which measurements are to be taken. 

If measurements are desired on at least one 
birefringent layer, the system includes a means for 
polarizing. the optical energy from the source in a 
selected first direction, the polarization of the 
light being altered differently for energy applied 
to the reflector and to the sample. The elements 
which alter the polarization also cause reflected 
light energy from the reflector to be polarized in a 
second selected direction and cause reflected light 
energy from the sample to be polarized in a 
direct ibn dependent on the birefrigence of the 
birefrihgent sample. The combined outputs 
containing interf erometric fringes are split and 
detected as two outputs having orthogonal 
polarizations. These two outputs are then 
separately processed to obtain separate 
interf erometric signals and the separate 
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interferometric signals are combined to provide 
selected indications of birefringence. 

in order to enhance the ability of the system to 

distinguish a Dounaary do.*^ ---r- J 

optical properties, and to obtain other information 
concerning such layers, advantage is taken of the 
fact that the optical absorption, impedance, and 
other optical characteristics of materials may vary 
with wavelength. Thus, one layer of a junction may 
be more easily detected at a first wavelength of The 
optical energy, while another layer may be more 
eisily detected at a different wavelength. For one 
embodiment of the invention, two or more short 
coherence length optical sources provide optical 
radiation at different wavelengths, for example XI 
and X2, the sample reacting differently to inputs 
received at these different wavelengths. This 
results in a first interferometric optical output 
modulated at a frequency f pi =2V/Xi and a second 
interferometrical optical output modulated at a 
freouency f D2 =2V/X 2 . The two outputs are 
separately demodulated and may then be separately 
processed or processed together. 

' The second optical path is terminated in a probe 
module which preferably includes a means for 
controlling the transverse position on the sample at 
which imagina and/or measurement are being 
performed, and a means for selectively changing this 



SUBSTITUTE SHEET 



WO 92/19930 PCT/US92/03536 



- 11 - 



position in at least one dimension to scan the 
sample. The velocity V may be sufficiently high so 
that the Doppler shift frequency is sufficiently 
high to meet the bandwidth requirements to overcome 
the predominate low frequency noise for the system, 
and for signal aliasing. Where this is not the 
case, a means is provided for causing a vibratory or 
other change in a modulating frequency f M , 
resulting in a modulating frequency which is a 
selected combination of f D and f M « This change 
may be effected by a piezoelectric transducer or by 
at least one acousto-optic modulator (AOM) in at 
least one of the optical paths. For one embodiment, 
there are two AOM's in one of the optical paths, 
with f M being the difference frequency shift 
caused by the two AOM's. The probe position 
controller may include means for moving a probe at 
the end of the second optical path or the distal end 
of a fiber optic element forming the second optical 
path in at least one dimension substantially 
perpendicular to the direction in which optical 
radiation is applied to the sample to provide 
two-dimensional or three-dimensional scanning of the 
sample. 

For other embodiments, the probe module may 
include mirrors or other means for steering the 
optical radiation to a position on the sample and 
for optically changing the transverse position in at 
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least one dimension, generaily perpendicular to the 
direction in which the optical radiation ». apoliea 
to the sample, "here three dimensional 
desired, the transverse position is change- in .... 
directions. The means for optically changing 
transverse position may include at least one movable 
mirror in the optical path of the radiation .or 
anoularly translating the radiation at an angle 
dependent on mirror position. One mirror may be 
movable in two orthogonal directions to 
translate the radiation in a direction which varxes 
<n two dimensions, whereby three dimensional 
scanning is achieved, or this objective may be 
achieved utilizing two mirrors successively spaced 
along the optical path, with the mirrors being 
movable in different, generally orthogonal, 
directions . 

For other embodiments, the probe mooule -a a 
mechanism for scanning internal channels such as an 
anaioscope or endoscope. For sue, plications the 
probe module may include an outer sheath. For one 
Lfcodiment. the probe module also includ es an inner 
sheath rotatably mounted within the outer sheath, an 
cntical means for directing radiation from the 
second ootical path through the inner sheath, and 
ZZ movable with the inner sheath for 
the radiation at a selected pesition on «>e internal 
Lnnel. the selected position varying as the inner 
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sheath is rotated. This embodiment preferably uses 
a mirror mounted to rotate with the inner sheath to 
reflect radiation passing through the inner shea*ch 
in a selected direction beyond the end of the outer 
sheath. 

For another embodiment, a bundle of optical 
fibers is mounted in the outer sheath. A first end 
of a selected one or more of such optical fibers are 
optically connected to the second optical path, a 
means being provided for controlling the optical 
fiber (s) to which the second optical path is 
connected. There is also a means for establishing a 
selected transverse position on the sample for each 
of the optical fibers and for optically connecting a 
second end of each optical fiber to the 
corresponding selected transverse position. 

For still another embodiment, wherein the first 
and second optical paths are in the form of first 
and second optical fibers respectively, the probe 
includes a means for securing a distal end of the 
second optical fiber to an inner wall of the 
sheath. This means includes means for moving the 
distal end toward and away from the wall. Means are 
also provided for optically connecting the distal 
end of the fiber to the sample, this means 
establishing a selected focal position on the sample 
for each position of the distal end relative to the 
wall. 
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Fo r some embodiments, the probe module includes 
a means for controlling the focus for 
the saamle so that this depth focus xs maxntaxneo 

z_ camni p from whi en 

substantially at a poim- — — 

imaoing information is being obtained as th*. P=xnt 
is periodically changed during a longitudxnal can 
of the sample. Such focal plane may be accomolxsheo 
by moving a focusing lens of the probe module xn the 
direction of the radiation passing therethrough to 

control focus depth. . 

Multi-dimensional scanning may be accomplished 
utilizing at least three different scan patterns. 
For one scan pattern, the rates at which th. 
relative lengths 'of the optical paths •» •»""« 
and at which the transverse position on the sample 
" changed are such that points at all longxtudxnal 
ranges of interest are scanned for a given sample 
transverse position before the scan beam xs moved to 
initiate imaging at a new transverse P°"«°*; 
alternatively, the relative rates at whxch the 
longitudinal range altering and sample 
virion changing occur may be such that all xmagxng 
-sitions in at least one transverse dxmensxon are 
fcanned at a given longitudinal range in the sample 
before the longitudinal range is altered to cause 
scanning at a new range to be performed. The latter 
scanning procedure may be desirable where very hxgh 
ZZ. uniform velocity longitudinal scannxng woulo 
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be. required if the first scanning pattern were 
utilized. A third scanning pattern is to srep the 
longitudinal position control to a selected 
longitudinal position and to then perform scanning 
in one. or two dimensions at such longitudinal 
positions. 

For some embodimenrs , a plurality of optical 
paths may be provided to permit parallel scanning on 
the sample. In addition, for some embodiments a 
characteristic of the optical source, such as its 
frequency or intensity is controlled or varied to 
control the longitudinal point in the sample being 
imaged, the received reflections resulting in an 
output having a frequency proportional to the 
optical length of the path to the longitudinal point 
or plane in the sample being imaged at the time; 
This output is detected and processed to obtain the 
image. 

Because of aliasing or other problems, spurious 
intensity variations may occur in an image produced 
as a result of a two or three dimensional scan. To 
overcome this problem, AOM's may be used as 
previously indicated or a plurality of scans may be 
performed on a sample, with the scans being averaged 
to compensate for intensity variations. 

For preferred embodiments, the measurements 
involve non-invasive cross-sectiohal imaging in and 
measurements on biological specimens. .One 
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sections, ^orrs. features and 

The^foreaoxng ana oui« ~~-> 

advances or rhe invention will be apparent ^om 

following more particular description of 
-rented embodiments of the invention as 
illustrated in the accompanying drawings. 

^^fSlfa schematic bloc* diagram of an 
ootical'— ce domain ref lectometer in accordance 
M a preferred embodiment of the invention. 
4 IB is a schematic bloc* diagram of an 
FIG. l» -s invention utilizing a 

alternative embodiment of the mventio 

freouency modulated optical source. „„,.„., 
%Z ic <s a schematic bloc* diagram of anothe. 
-Ib.r'ootio embodiment of the invention. 
* FI? ID is a schematic block diagram of a mrt* 
OD tic embodiment of the invention illustrating the 
S of two separate vavelengths to enhance 

reS °£r^A i= - oiagram of the envelope of a scan 

'v.--* m iah- be obtained utilising the 
outout whicn mign. oe 

envelope is super iiaposea. 
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FIG.. 2C is a, diagram of the waveform of FIG.. 2B 
after demodulation . 

FIG . 3A is a block diagram illustraring one 
embodimenr of a probe module to achieve 
multi-dimensional scanning. 

FIG.. 3B is a diagram of an alternative probe 
module for performing two or three dimensional 
scanning. 

FIG . 3C is a diagram of an alternarive probe 
module for achieving three dimensional scanning. 

FIG . 3D is a diagram of an alternative probe 
module for performing circular scanning. 

FIGS. 4A and 4B are diagrams of two additional 
probe module embodiments for performing 
multidimensional scanning. 

FIG. 5 is a side sectional , side diagrammatic 
view of one embodiment .of an endoscopic probe module 

FIG. 6 is a side sectional diagrammatic view of 
r a second embodimenr of endoscopic probe module. 

FIG. 7 is a side sectional diagrammatic view of 
a third s embodiment of endoscopic probe module/ 

FIG. 8A is a diagram illustrating a first scan 
pattern.'f or , two dimensional scanning of a sample in 
accordance with the teachings of this invention. 

FIG. 8B is a diagram illustrating a second scan 
pattern; for two dimensional scanning of a sample in 
accordance with the teachings of this invention. 
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.r IG 8C is a diagram illustrating a third scan 
pattern for two dimensional scanning of a sample xn 
"accordance with the teachings of this invention. 

. • _ t_ n „„V A artrain nf & 

~IG. 9 is a scnematAtj uiui.'v - — - 

parallel scanned embodiment. 

FIG. 10 is a schematic block diagram of a 
balanced receiver embodiment. 

»IG 11 is a schematic block diagram or another 
*«ber onric embodiment of the invention utilizing 
polarized light to detect birefringence. 
" -IGS. 12A-12C are diagrams obtained usxng an 
embodiment such as that shown in the figures to scan 
a human aorta which is normal, contains fatty _ 
plague, and contains calcified plague, respectively, 
n^at- ailed Description 

- herring firs, to FIG. IX. an optica! coherence 
domain reflectometer (OCDR) 10 is shown whrcn 
inc oroorates the teachings of this invention. In _ 
oarti'cular. the output from a short coherence length 
(broad spectral bandwidth) optical source 12 as 
coupled as one input to an optical coupler 14 Such 
coupling .ay be through a suitable opt.ca path . 
which for the preferred embodiment » a f.ber opt 
path 16. source 12 may. for example, be a light 
Littino diode, super luminescent diode or other 
* e light source of suitable wavelength, or may be 
fshort-pulse laser. Such sources preferably having 
a coherence length of less than 10 micrometers for 
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preferred embodiments- As will be discussed later, 
it is desirable that the coherence length of source 
12 be minimized to enhance the resolution of the 
system. 

The other input to coupler 14 is from a laser 18 
generating an optically visible output which is 
applied to th£ coupler through a fiber optic path 
20. As is discussed in greater detail later, laser 
18 does not contribute to the normal operation* of 
the system and is utilized only to provide a source 
of visible light for proper alignment with a sample, 
when the light from diode 12 is in the infrared 
region and thus not' visible. 

The output from coupler 14 is applied as an 
input to coupler 22 through fiber optic path 24. 
The light or optical energy received at coupler 22 
is split between a first fiber optic path 26 leading 
to scanning/sample assembly 28 and a second fiber 
optic path 30 leading to a reference assembly 32. 
Assembly 28 may include a lens assembly formed of 
one or more lenses for focusing light received from 
optical path 26 on a sample to be scanned and 
various mechanisms for causing lateral, transverse 
or longitudinal motion of the light relative to the 
sample. In particular, while for the preferred 
embodiment longitudinal scanning is performed by 
movement at the reference assembly, it is also 
possible for the sample or probe to be moved 
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longitudinal Iv, or for longitudinal scanning to 
otherwise be performed at assembly 28. The assembly 
may also include a mechanism for controlling the 
longitudinal or depth position of the focus in 
conjunction with the longitudinal scan position. A 
probe module portion of assembly 28 may be designed 
for positioning adjacent to an outer surface of the 
sample, for example adjacent to a patient s eye for 
scanning and imaging or taking measurements on the 
patient's eye, or it may be adapted to be positioned 
inside the sample, being, for example, part of an 
angioscope or endoscope for scanning internal body 
or other channels. For purposes of FIG. 1A, the 
samole being scanned and/or imaged is included in 
the" assembly 28. Various mechanisms which may 
function as the assembly 28 in accordance with 
various embodiments of the invention are shown in 
FIGS. 3-7. 

For all embodiments, light transmitted by the 
probe to the sample is reflected by the sample back 
through the probe module to fiber 26. The optical 
fiber of path 26 may be wrapped around a 
piezoelectric crystal transducer or actuator 34 
which vibrates (i.e. expands and contracts) in 
response to an applied electrical signal to cause 
slight expansion and contraction of the optical 
fiber and" to thus modulate the optical signal 
passing through the fiber. As will be discussed 
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later, this added modulation may facilitate 
detection. 

Reference assembly 32 may include a collimating 
lens 36, first and second, acouto-optic modulators 3 8 
and 40 (AOM 1 and AOM 2), a corner-cube 
retro-reflector 42 and an end mirror 44. For the 
preferred embodiment, corner cube 4 6 is mounted to a 
mechanism 4 6 which reciprocates the corner cube 
toward and away from both optical path 30 and end 
mirror 44 in a particular, pattern to effect 
longitudinal scanning of the sample. . As discussed 
in greater detail later , the corner— cube is 
preferably moved at a uniform, relatively high 
velocity (for example greater than 1 CM/SEC), 
causing Doppler shift modular ion used to perform, 
heterodyne detection. The length .or extent of 
movement of cube 42 by mechanism 46 is at least 
slightly greater than half the desired scanned deprh 
range in the sample. The scanning pattern for 
mechanism 46 preferably has a uniform velocity V, at 
least during the portions thereof during which 
scanning occurs, and may, for example, be a ramp 
pattern, or a sawtooth pattern. With a ramp 
pattern, measurements or imaging would be taken on 
the ramp while with a sawtooth pattern at velocity V 
on both 'sides, scanning can be done with the corner 
cube; moving in either one or both directions: 
Further, as discussed in the copending application. 



bnsdocii><wo p?ipfianAi i > 



SUBSTITUTE SHEET 



WO 92/19930 



PCT/US92/03536 



- 22 - 



a sine wave or other scan partem can be 
^suitable compensation in other elements of the 

circuir. longitudinal or 

; .irrot 44 with a suitable mechanism such as 
end mirror 44 wauaj. However, 
rathe r than corner cube 42- Howevet ' 
?rr s r « - effective stress is reduced^ 
«» so thar the end mirror 44 musr be moved througn 
! H^h is sliahtly grearer than the desirea 

3 9 ^ range arher than tbrougb a path egual to 
scan depth range ra rso uirea 
naif such range. The great advers ely 
for the mechanism 44 in this insran i 
If feet the scan rate achievable and may also limit 
ne gating Koppler shift freguency retiring 
the use of additional modulating elements. If 
corner cube 46 is eliminated completely, the system 
ZIZs more susceptible to errors resulting from 

• „ 4-ko rnrner cube for a single pass 
by "ranging the corner n _ , ncoming 

^o ^corner cuoe is aligned with the corner 
light to the cor ^ a s()% decrease in 

rJSS--^ in addition, as discussed 

^ assembly ,3 by moving either the 
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probe or sample in the longitudinal direction. This 
will be discussed later. If this is done, then 
corner cube 42 is not required and light from path 
30 may inpinge directly on mirror 44. 

Finally, while for preferred embodiments 
utilizing a Doppler shift frequency, mechanism 46 
moves a corner cube or end mirror at a velocity 
which, as indicated above, is substantially constant 
in the scanning range, for some embodiments to be 
discussed, Doppler shift modulation in the 
longitudinal direction is not. utilized and movement 
of the mirror is effected primarily to control the 
desired scan depth. For such embodiments and 
others, mechanism 4 6 may operate in step fashion to 
control the desired scan depth. 

The total length of path 26 between coupler 22 
and a selected depth point in a sample being scanned 
and the total length of path 30 between coupler 22 
and end mirror 44, should be substantially equal for 
each depth point of the sample during a scan of 
selected depth range. In addition, to prevent group 
velocity dispersion which would decrease spatial 
resolution, the lengths of the optical fibers in 
paths 26 and 30 should also be substantially equal. 
Alternatively, the group velocity dispersion may be 
equalized by placing optical materials of known 
group -velocity , dispersion and thickness in the light 
paths to compensate for any inequality. For 
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examole, where the fiber in the reference par. may 
need to be shcrrer than that in the sample prooe, a 
lencth of high dispersion material may be included 

I*, =ien :mT3ortant that 
in the reference pauu. — - 

the termination of the optical fibers utilized xn 
this system he angle polished and/or anti-ref lection 
coated to minimize reflections and maximize 
tzhrouahpur . 

Mechanism 46 may be any one of a variety o. 
devices adapted for performing the translation 
function. For example, mechanism 46 could be a 
stepper motor, the motion of which is applied to 
corner-cube 42 or mirror 44 through an averaging 
mechanism for embodiments where uniform velocity is 
reauired. A DC servo-motor might also be utilized 
to "obtain the desired motion. Various 
electromagnetic actuators, for example a sP eake * 
coil, may also be utilized for this function. Wit., 
such electromagnetic actuators", detection of mirror 
position and servo control thereof may be required 
'in order to achieve uniform motion where required. 
More specifically, in a uniform motion system, a 
sional" indicative of desired mirror position at eacn 
point in the mirror travel path could be compared 
against a signal from a detector of actual mirror 
position and any resulting error signals utilized to 
control the actuator to maintain the mirror moving 
at the desired constant velocity. It is also 
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possible to use a servo-control galvanometer driven 
linear translator for the mechanism 46. 

One potential problem in the reference mechanism 
32 is wobble of the mirror being translated which 
may adversely effect the accuracy of distance 
determinations. Such wobble is partially 
compensated for in the embodiment of FIG. 1A by 
corner-cube 42, such corner cubes generally having 
the property that, regardless of the angle at which 
a beam is incident thereon, the beam will always 
return in exactly the same direction at which. the 
beam was incident. Other techniques known in the 
art may also be utilized to deal with the wobble 
problem. 

Reflections received from assemblies 28 and 32 
are applied through optical paths 26 and 30, 
respectively to optical coupler 22. These signals 
are combined in coupler 22, resulting in 
interference fringes for length-matched reflections, 
(i.e. reflections for which the difference in 
reflection path length is less than the source 
coherence length) and the resulting combined output 
is coupled onto fiber optic path 50. 

To maximize interference between light returning 
from the reference and sample optical paths, their 
polarization should be substantially the same. To 
accomplish this polarization matching, a 
polarization controller may be placed in one of the 
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optical paths 26 or 30. For purposes of 
illustration, a polarization controller 51 is snown 
in ootical path 30 in FIG. 1A. Such a polarization 

~ -Pr.r rhanaes in polarization 

control xer guuipci«aw. — 

in the fiber optic paths. Alternatively, 
polarization maintaining fibers and couplers may be 
utilized in the system to achieve the desired 
result. Further, in applications where polarization 
is randomly varying, a polarization divers1 ^ 
receiver can be utilized in the system ro eliminate 
signal fading. Such polarization diversity 
receivers are known in the art. 

The optical signal on fiber optic path 50 is 
applied to a photodetector 52 which converts the 
optical combined signal from path 50 to a 
corresponding current-varying electrical 
The current-varying electrical signal on output line 
54 from ohotodetector 52 is preferably convertea to 
a voltage-varying signal by a trans impedance 
amplifier (TIA) 55 or other suitable means, the TIA 
output being applied as an input to a demoaulator 

56 ' various forms of demodulation may be utilized in 
practicing the teachings of this invention. In its 
simolest form, demodulator 56 may consist of a 
bandoass filter 58 centered around the nocula.ion 
fregiencv of the combined output signal and an 

. «. ^ m hP filter assures that only the 
envelope detector. The tiirec 



SUBSTITUTE SHEET 



signal of interest is looked at and removes noise 
from the output* This enhances the signal-to-noise 
ratio of the system and thus system sensitivity- 
The filtered signal is then applied to the envelope 
detector , 

The envelope detector in demodulator- 46 may 
consist of a rectifier 62 and a subsequent low pass 
filter 64. The second filter removes any high 
frequency components from the base band signal. The 
demodulator may also include a logrithmic amplifier 
66, either before or after the rectifier, for 
dynamic range compression. Where a logarithmic 
amplifier is not used, logarithmic compression may 
be performed elsewhere in the system, for example in 
the processing computer. Without logarithmic 
compression, strong reflections from boundaries 
would either be off scale or weaker reflections 
would not be visible. 

The exemplary demodulator described above is one 
type of heterodyne demodulator. However, a variety 
of other demodulation techniques known in the art 
may also be utilized to perform the demodulator 
function. 

The demodulated output from circuit 56 is the 
interf erometric envelope signal of interest. A 
suitable printer 68 may be utilized to obtain a 
visual record of this analog signal which may be 
utilized by a doctor, engineer or other person for 
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various purposes. For preferred embodiments, cae 
anaioa output from demodulator 56 is applied, eitaer 
in addition to or instead of to printer 68, through 
an anaioa-to-digital converter 72 to a suitable ^ 
computer 74 which is programmed to perform aesirea 
analysis thereon. One or more memory devices 74 may 
be provided with computer 72. Computer 72 may, ror 
examole, control the display of the demodulatea 
sian'al on a suitable display device 76, such as a 
cathode ray tube monitor, or may control a suitaoie 
printer to generate a desired record. 

Where a printer or a computer display is 
utilized to reproduce the scanned image, 
characteristic's such as density of the scanned image 
may be reproduced utilizing gray scale levels (i.e. 
dark for high density and light for low density) or 
a "false color" image may be generated with the 
color from blue to red across the color spectrum 
being indicative of the characteristic. In 
addition, computer 72 may detect various points o 
interest in the demodulated envelope signal and may 
perform measurements or make other useful 
determinations based on such detections. Computer 
72 may be a suitably programmed standard processor 
or a special purpose processor may be provided for 
performing some or all of the required functions. 

The OCDR shown in FIG. 1A may for some 
embodiment be utilized with comer cube 42 being 
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scanned by mechanism 46 at an intermediare but 
uniform velocity. For purposes of this discussion, 
an intermediate scanning velocity is considered one 
at which the Doppler frequency shift caused by cube 
or mirror movement is not negligible, but is low 
enough to fall within the predominant low frequency 
noise for the system. The noise spectrum includes 
noises arising from fluctuations in source 12, 
mechanical components and electrical circuits, and 
are larger at lower frequencies, typically below 10 
kHz. High scan velocity is considered to be a 
velocity where the Doppler frequency shift is higher 
than the predominant low frequency noise. The 
Doppler shift frequency f D results from the 
translation of the cube 42 and, with a corner-cube, 
is given by the equation: f.^V/'X where V is 
the velocity at which the cube is being moved at rhe 
given time and X is the optical wavelength of the 
sourceN Where a corner-cut>e is not used/ 
fjj~2V/X. Thus, in addition to compensating 
for wobble as the .mirror is translated, the 
corner-cube also doubles the Doppler shift 
frequency, and effective scanning stroke, for a 
given velocity V of the mechanism 46. 

Where this Doppler shift is less than the 
required bandwidth to overcome noise, including 
where stepped longitudinal or no longitudinal 
scanning is being performed so that the Doppler 
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shift frequency is substantially zero additional 

nodulation is needed to shift the 

ftW-T ahova the predominant noise spectra. 

*tg 1A this may be achieved ny m^u—— = 

- s Loidal phase modulation by use.f 

-ransduce- 34. while in FIG. 1A the aoditional 

SSS- is introduce dby use of - or 

— ^nrrs^r- ot p^ ... 

talent piezoelectric modulation of end mirror 44 
could also be utilised. Further, in add-on to 
^ezoelectric transducer 34. the ^1 ~-«c 
"reouired for this supplemental moaulation may be 
ISieved using electromagnetic. 

orher elements Known in the art for providing small 
aenerally sine wave movements. 

Alternatively, as shown m FIG. 1A. this 
suppl^enral modulation can be *^^ gh 
UgL in the reference arm and/or sample arm through 
Iclusto-ontic modulators (AOM's). Such modulators 
:^uce a-freguency shift of the light beam and thus 
; r oduce an effect substantially equivalent to 
poopler shifting the beam. Sucn -ousto-op ic 
Adulators can. in some instances, be «*»«~"^ 
£or rhe movement of the mirror or corner ^-J* 
Zs. wbicb can be bulK optical devices as shown m 
T G 1a or, may be smaller in-line optical fiber 
effectively raise the carrier freguency to 
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allow for high speed scanning. While one AOM may be 
adequate for this purpose, two AOM's can be used as 
shown in FIG . 1A. The reason for two AOM's is that 
since AOM's are normally driven at a much higher 
frequency then is required for this application, the 
detection frequency can be lowered to a desired 
frequency by driving two AOM/s at different 
frequencies, the detector frequency being the 
difference frequency. 

Supplemental modulation from element 34, or from 
other suitable means which modulate the optical parh 
length, is at a frequency f M and the oscillation 
amplitude of this modulator is adjusted so that the 
peak-to-peak oscillating movement or optical delay 
change is approximately one-half of the wavelength 
X of source 12. The combined effect of the 
supplemental modulation and the Doppler shift 
frequency causes the output envelope to be at 
modulating frequencies of f D , f M +f D ' f M~ f o 
and at/.higher harmonics of f^f^. f M is 
normally chosen to be high enough to overcome noise 
spectrum and aliasing problems. 

Demodulation of the output from photodetector 54 
is normally at f^+f ^ and/or f M ~f D . For 
purposes of illustration,., it will be assumed that 
demodulation is at f^+f^. The center frequency 
for bandpass filter 58 is thus set for the frequency 
(f M +f D ). The bandwidth for filter 58 should be 
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approximately two to three times the . 
* U 1J -width-half-maximum (FWKM) bandwidth of the 
Reived si^ai to avoid signal broadening ana 
distortion. The bandwidth of low pass filter 
would typically be roughly identical to that of 
bandoass filter SB. While if the velocity ar which 
cube 42 is being moved has a high enough speea so 
-ha- the resulting Doppler shift frequency is signer 
.ha- me . OT „ide enougn 

than the predominant noise spectrum a 
so that transverse scanning does not cause signal 
aliasing, then supplements! modulation by 
EUC h as modulators 34. 38. 40 is not reguirea. -his 
ffi ay not be possible with two-dimensional or 
Jee-dimensional scanning because of the broad 

bandwidth involved. „.„- -he 

For the embodiments discussed to this point, -he 
scanning of cube 42 has been at constant velocity, 
a" through the scan interva! . However or 
ve .v high soeed scanning at high scan repetition 
lates tnat cannot be realized with servo-controlled 
constant velocity mechanical drives, resonantly 
(sinusoidal) driven mechanical actuators can ne used 
loTive cube 42 or mirror 44. These actuators can 
Z ollvanometrically or electrodynamically driven at 
^e'resonant frecuencies of the mechanical actuator 
state! and are co^nercially available. Adjustments 
Z Z system required to accommodate a sinusoidal 
drive are discussed later in conjunction with FIG. 
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1C. Alternatively, where higher speed scanning is 
required, electro-optic techniques could be used in 
lieu of mechanical techniques to effect scanning. 
For example, an acousto-optic modulator or other 
electro-optic modulator could be utilized to vary 
the light path. . However, such devices are currently 
expensive and have, limited range; such devices would 
therefore not be preferred for most applications. 

FIG. IB illustrates an alternate embodiment of 
the invention wherein longitudinal ranging 
information is obtained by optical frequency domain 
ref lectometry rather than by optical coherence 
domain ref lecrometry . In this figure, and in the 
remaining figures, the saine reference numerals are 
utilized to identify common elements. A prime 
number may be utilized to identify a common element 
with a prior figure where the element has been 
slightly modified. 

FIG, IB shows an optical frequency domain 
ref lectometer utilizing a s spectrally coherent 
optical .source 79 which is frequency modulatable in 
one of a number of ways known in the art. Source 79 
is frequency modulated in the. form of a linear FM 
chirp by signal generator 78. The output from 
source 79 passes through the same optical paths 
described in conjunction with FIG. 1A to a sample 
assembly 28 and to a reference mirror 44. Since 
changes in optical path length are not being 
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perform longitudinal apW 

reference assembly shown in FIG. 1A is nor h 
reference as jr ians such M 

nor are modulators J«. ■=» « — *- ■ 

lens 36 may or may not be requirea. „ BIohlv 
Elected radiation from tbe sample in as embly 
28 and from reference mirror 44 are combined m 
fLTootic coupler 22 and directed through optic 1 
patb 50 to a vide bandwidth photodetector 52 waere 
Ley ootically interfere, wide banawidth 
pbotodetector 52 • and transference amplifie- 
are used to amplify the detected signal. The 
detected optical interference generates an RF 
frequency that is proportional to the dlf£e " n ;" 
length between the sample reflection ana the 

reflection from '^^^J£Z- 
methods Known m the art exist fnrm ., ion ia an 

frequency information into spatial information i 
.Metrical processor 81. These include using a 
Waveform recorder with inverse Fourier transform 
"ecnniones. Requirements on and techniques to 
a^eve linearity, ^ectral coherence modulation 
bandwidth and frequency deviation are f~J™°™ 
le a" and such technics can be employee in the 

" . f ftg -3 The output from processor 81 
einboaiment of FIG- J. ^ ^ ^ by 

15 T 72 in "le maLer discussed in conjunction 
computer 72 m uixe mai be pr0 vided 

with FIG. 1A. Printers and displays may r>e P 
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for this embodiment of the invention as for the 
embodiment shown in FIG. 1A. With suitable 
modifications, the teachings of the invention may 
also be practiced employing a linearly chirped 
intensity modulated source. 

Where, as discussed above, actuator 46 has a 
sinusoidal or other non-linear velocity profile, the 
- Doppler shift, frequency f is ho longer constant, 
and the demodulator 56 must be adapted for this 
carrier frequency variation. There are least two 
methods for accomplishing this objective. In both 
cases, as illustrated for system 10/C in FIG. 1C, an 
output line 87 is provided from a position sensor in 
the . actuator 46 . For simplicity, the reference 
assembly in this figure is shown as an end-mirror 44 
moved longitudinally by an actuator 46'. The 
voltage on line 87 will normally vary as a function 
of actuator position and thus of position for mirror 
44; however, the position sensor output may also be 
current varying. If the sensor provides a digital 
output, then line 87 may be connected to computer 72 
without going through A/D converter 70'. The signal 
on line 87 is required when actuator 46* has a 
non-linear velocity profile so that intensity and 
other inputs received at computer 72 may be 
correlated with scan position in the sample. This 
correleation is not required with a linear scan 
where position can be determined from the time an 
input is received. 
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In the simpler technique, the acceptance band 
fo - bandpass filter 58 and low pass filter 64 are 
increased to accommodate the variations xn the 

- 1 ,rrro nnrtion or 

Doppler shift frequency r^ uvw « — 

the sinusoidal morion of mirror 44. These _ 
variations occur because £ D varies directly wxth 
variations in V. This increased demodulator 
acceptance bandwidth will lead, to increased 
acceptance of noise and thus results in lower 
deletion sensitivity. However, this technxque -s 
simoie and can be used in cases where the 
requirement for detection sensitivity is not 
critical. Further, this increase in acceptance^ 
bandwidth may be relatively small when the sxgnal 
bandwidth A £fwhm is already large relative to 
f this occSfing when the coherent length xs 
D' 

very small^ . ^ second techni5 ue wherein 

the demodulation frequency is dynamically tuned to 
the instantaneous Doppler shift frequency usmg a 
suoerhetrodyne system. A sensor at actuator or^ 
drive mechanism 46' provides a velocxty depenoen. 
voltaoe on line 89 which is modified by . gam 
circuit .1 and a bias circuit 93 before berng 
apolied to a voltage controlled escalator 95. The 
«put from oscillator 95 is multiplied in a cxrcu.t 
„ with the output from detector 5 2 vra 

- i.; -,c- n f the sional applied -co vlu 
55. The gain ana bxas of ^ne signcu. 
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95 are adjusted, so that the modulating frequency at 
the output from multiplier 97 is substantially 
constanr at a desired center frequency which is 
selected as the center frequency for bandpass filter 
58. As with the embodiment of FIG. 1A, the 
bandwidth of filter 58 is set at two to three times 
the peak signal bandwidth and, except for the need 
for the position sensor output on line 87, the 
remainder of the detection and processing would be 
substantially identical to that previously described 
in conjunction with FIG. 1A, 

FIG. ID shows a system 10D which is similar to 
that of FIG. 1A, except thkt bulk optics are 
utilized rather than fiber optics and ability to 
observe spatial properties is enhanced by providing 
two light sources 12A and 12B which are at different 
wavelengths. While the multiple wavelength option 
is being shown for purposes of illustration in 
conjunction with a bulk optics embodiment , it is to 
be understood that multiple wavelengths could also 
be, and may preferably be, used with the fiber optic 
embodiments. Sources 12A and I2B could be the same 
type of light sources designed to operate at 
different wavelengths or could be different types of 
light sources. The outputs from sources 12A and 12B 
are merged in a coupler 60, the optical output from 
which is applied to a coupler 59. The other input 
to coupler 59 is the output from a laser 18 , for 
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exa mple. a tali- neon laser. » ^ 

only for aliment purpose,. Couplers 60 -9 

for example, be dichoric beam sputters. 
Ration beam splitters or normal beam spiirr^. 
' The output from coupler 59 is applied to beam 
splitters 61 and 65. Beam splitter 61 applies a 
Jo Uon of its input through !ens 36 to 
Ind also passes optioal radiation to beam spl it.er 
65 which applies tbis radiation tbrougn J«- « ~ 

sac ple 64. M£le " i n p n«er 61 ana murnr 67 to 
through lens 36, beam splitter &J. a 

. fig Mirror 44 and lens 36 

^Te^Ta Nation stage which is moved by 
r^nan - sucn as tbe mecbanism ♦ discussed in 
option vitb rXC. 1C. - was dicussed above^i- 
such translation is being performed .t a speed 
Sat f is below tbe predominant noise spectrum 
* may°also be necessary to. for example, mount 

. T^.ip rrvstal 63 whicn is 
^ymr 44 to a piezoelectric crystal 

: £ eu under control of a modulator » -her 
^ods for accomplishing this are discussed 
"flier. Reflections from sample 84 are applied 
Trough lens 82 and beam splitter 65 to the 
interferometric coupler 69 ^ 

The output from coupler 69 may 
CCD camera 71 used for alignment purposes and is 
CCD came-a chotodetector 
also applieo through a ^ * 3 - ^ 

52. The output from rhe aetecto- 
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two separate paths. Each path contains a 
demodulator 56A, 56B containing a- bandpass f ilter 58 
having a center frequency which corresponds to the 
Doppler shift frequency fp for the given source. 
12. Since f D varies inversely as a function of 
the source wavelength, each demodulator only 
demodulates signals corresponding to the appropriate 
source wavelength, permitting outputs resulting from 
the two source wavelengths to be separated. After 
being applied through corresponding A-D converters 
70, the two outputs are applied to computer 72 where 
they may be appropriately processed. 

Alternatively, a detector 52 may be provided 
corresponding to each source wavelength, where each 
photodetector is preceded by an optical wavelength 
filter that only transmits the appropriate 
wavelength with an appropriate pass band. A beam 
splitter would be provided ahead of the optical , 
wavelength filters, with a demodulator at, the 
detector output. 

While in FIG. ID, and in the discussion above, 
only two separate signals X have been shown, this 
is not a limitation on the invention, and a greater 
number of light sources and detectors (and/or 
demodulator circuits ) may be provided for 
appropriate applications. 

For purposes of describing the operation of the 
systems, for example 10A or 10D, it will be assumed 
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, B1 ; e the eve of a human or animal 
thar the sample 84 xs the eye 
oat* ent . When such measurements are to 

alignm ents which are crxtxcal. 
rhere are three al*gnm sample so 

First, the beam musz « angle . This 

ft «^orq -the sample at a aesxrea ^ * 

Orally positioned on the sample area of 
laterally p coMrol of the lateral pos^-on 

interest. This xs a ^ focuM- „ 

of the beam. Finally, the ^ 

level of o "performing each of 

techniques may oe u.xlxzea ro v 

^^STTiS- of different technics 
„ gle . Since reflections 

substantially maximize when the beam ^ 

- iayer "toTc"::: tu^i:: ts to a «ust «- 

S LrL^ of the probe SO of beam splitter 

82 and/or of the sample (i.e.. tne 
'Vent s eye and 

oatxent s eye; o« ^^ m „ l0 The alignment 

ietect reflections '"^^J^i.Tu 

« *** ^d^s hi h o rid alignment angle, 
maximum would thus be tne desi red 

It would normally be ^"^V^^chl^e. 
angle relatively quickly usxng thxs technxqu 
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A second technique for achieving angular 
alignment is similar to the first, except that the 
reference arm is not blocked and, with normal 
readings being taken from the system, alignment is 
manually adjusted until an alignment which maximizes 
the output: is obtained. 

A third method is to look at the direction in 
which the beam is reflected in order to detect beam 
alignment. Since it is hard to do this directly/ 
particularly when a fiber is utilized, such 
determination is generally made by providing a beam 
splitter which directs a portion of the beam 
reflected from the sample to a device such as CCD 
camera 71 (FIG. ID) which can measure beam 
position. This device is initially calibrated with 
the system so that the spot on which the beam 
impinges on the camera when the beam is properly 
aligned with a sample is determined. Then, iii 
operation, the sample and probe can be adjusted 
until an angle of alignment is achieved where the 
beam impinges on the CCD camera at the previously 
determined point. 

Lateral position alignment is at this time best 
performed manually. To perform this operation, 
laser 18 is turned on. Source 12 may either be on 
or off for this operation. Laser 18 provides a 
narrow beam visual indication of the lateral 
position on the eye where the beam is striking and 
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the position of either the probe beam or the pane... 
ma y then be manually adjusted until the beam is 
diking the desired position. If light from source 
12 is in a visible band, laser 18 may not oe 
required and ligfci: from source 12 may be used for 

alignment: . , £ 

The focussing cone angle to be utilized for 
performing readings is determined by Glancing the 
desirability of having as large a numerical aperture 
(cone angle) as possible against being able to 
achieve a desired longitudinal range or depth of 
field in which back scattered or reflected light is 
efficiently coupled back to the fiber (or to the 
other optical path 26 where a fiber is not 
employed) . A large numerical aperture makes angular 
HignLnt for normal incidence on the sample surface 
lesfcritical and for measurement of back scattering 
where the returned radiation is spread over wide 
solid angles, a wider cone angle increases the 
coupling into the fiber. However, the large cone 
angle reduces the longitudinal range. Thus, the 

• i 9 ^ure or f number should be selected to 
numerical aperture or r «^ «-he» 
C orr e spond to a depth of field that >s equal to the 
Xongitudinal extent of the area in the eye or other 
samole on vhich measurement are to be taken. For 
purposes of this discussion, depth of field is 
Lflned as the longitudinal distance from tne focal 
plane at which the back coupling efficiency into the 
fiber is reduced by one-half. 
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As for the other alignments, the sample and/or 
probe are moved relative to each other until the 
system is focussed to a desired point within the 
sample, i.e., within the eye. Since even with the 
^ laser it may be difficult to visually determine the 

focal point , a. preferable way to perform focussing 
■sv? may be to operate the system with, for example, an 

output being obtained on display 76. As will be 
discussed later, certain high amplitude points in 
such output are indicative of a particular layer or 
transition in the eye and focus can be adjusted 
until this transition occurs at a desired point in 
the scan. 

v Once alignment has been achieved, the system may 
be utilized to taike desired measurements. To 
perform such measurements, aiming laser 18 is turned 
off and source 12 is turned on. Mechanism 43 or 
43' is also turned on, if not already on, to cause 
desired movement of the cube or mirror. If 

\i£ mechanism 43,43 ' is not moving at sufficiently high 

velocity,, it may also be necessary to turn on 
piezoelectric modulator 34 or 63. 

As previously indicated, source 12 should have a 
low coherence length which implies being spectrally 

,, v wide.. Thus, for light sources of the type previously 

mentioned having a coherence length of approximately 
10 micrometers, spatial separation, and thus 
resolution, to 10 micrometers can be obtained. This 
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is a far higher resolution than is available wit, 
orher currently available devices. 

path lenoths 26 and 30 are initially equal with 
th. "beam focussed at a desired initial scan depth in 
sample 28. As mirror 44 (or cube 42) is moved away 
from lens 36, the point in the sample at wmch the 
oath lengths are egual is scanned successively 
"areater deoths wirhin the sample. At eaca point -» 
'the scan, "reflections occur and light scattering 
occurs which are a function of the refractive moe* 
variation for the material through which rhe Ugh. 
<s passing and of such index boundaries, 
interference fringes occur for depth points in the 
samole where the difference between the path length 
to the point in the sample (L s > and the P«* 
lencth to the current mirror location <L ) ^« e '. 
by -less than the coherence length (CI,) of the light 
source (i.e. VyCL). Therefore, the 
coherence length of the light source determines 
available system resolution. This is the reason for 
keeping coherence length as low as possi ble 

The interferometric output from coupler 22 o. 69 
. s thus indicative of reflections or scattering 
obtained at a particular depth within the sample, 
-he successive interferometric outputs obtained 
during a scan form an envelope signal such as that 
shown in FIG. 2A which normally has peaks at optical 
juncr'ons within the samples where reflections are 
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normally maximum and may have some lesser peaks in a 
predetermined pattern, depending on the scattering 
characteristics of the medium at the scan depth. 

When the mirror is being scanned at a velocity 
V,. a Doppler shift frequency having a frequency 
f D ~2V/\, (-4V/2 for FIG. 1 A where corner 
cube, is moved) .where V is the velocity at which the 
mirror is moved and X is the wavelength of source 
12, is superimposed on the envelope signal as shown 
for a small portion of an intensity output in FIG. 
2B. FIG. 2C shows this same output portion after 
demodulation. 

From the equation indicated above, it is seen 
that the Doppler shift frequency is dependent on the 
wavelength of source 12. Thus, for the embodiment 
shown in FIG ; . ID, where two separate optical energy 
sources 12A and 12B are provided, the 
interf erometric output from coupler 69 will contain 
two separate envelopes which are a function of the 
differences in absorption and reflection at the 
different wavelengths, and each interference output 
will, be modulated at a different Doppler shift 
frequency. Thus,, as previously indicated, the 
bandpass filter 58 in each demodulator 56 may be 
selected to have a center frequency and bandwidth 
for a different one of the Doppler shift 
f requencies, or optical filtering with multiple 
detectors may be utilized, to permit detection and 
separation of these two signals. 
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The ability ro perform the interf eromerric 
detection ar two or more dif £ erent wavel engths 
offers unique advantages. These advantages arise 

from the fact that the absorption. ... 

other optical characteristics of various sample 
materials vary with wavelength. Thus, taking 
21 Laments at two or more wavelengths permits cue 
spectral characterization of optical properties o£ 
rhe sample such as the wavelength dependent^ 
absorption and scattering thereof. In particular, 
rhe log rate of attenuation of back scatter is 
SfferL for different materials and, for a given 
Material, may vary with wavelength. By observing 
the bad, scatter pattern at different wavelengths 
from a substance, and possibly by observing J>e 
averaae rate of back scatter or reflection 
aquation from layers of the sample, information 
concerning the material of the layer or ™<~ 
properties of such material may be obtained. The 
Lasurement of various spectral properties a,ay be of 
interest in themselves and may also be used to 
distinguish between two sample layers *»r -ample 
wo tissue layers that it is normally difficult to 
distinguish with single wavelength measurements 
because of their similar optica! properties. In 
oarticular. by taking ratios at each ° £ .<** 
wavelengths, spurious effects such as 
are compensated for permitting boundaries to be more 
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easily and accurately identified. Basically, such 
boundaries are identified by looking at ratios 
rather than absolute values. . 

FIG. 3A illustrates one relatively simple 
embodiment for the assembly 28 of FIGS. 1A-1B. For 
this: embodiment , fiber 26 terminates in a probe 
module 80. The probe module includes one or more 
imaging lenses, a single lens 82 being shown in the 
figure, positioned between the output of fiber 26 
and the sample 84 being scanned,, A suitable linear 
translation stage or other mechanism 86 is connected 
to move probe module 80 either transversely or 
laterally relative to the sample 84 to provide 
two-dimensional scanning. A similar mechanism (not 
shown) may be provided to move the probe in the 
other of the transverse or lateral direction to 
provide three-dimensional scanning of sample 84. 
(Transverse and lateral scanning are sometimes 
collectively referred to hereinafter as transverse 
scanning,) Mechanism 86 may.be a stepper motor or 
other suitable positioning mechanism and is 
preferably controlled either by computer 72 (FIG. 1) 
or by a positioning computer which, also provides 
positioning information to computer 72 so that the 
position of the scan on sample 84 is known by the 
computer ... Alternatively, probe, module 80 may remain 
stationary and sample 84 can be . translated in one or 
two dimensions, as illustrated by arrow 88, to 
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effect the desired multi -dimensional scanning. 
-urt»e-, as previously discussed, either prone 
raodule 80 or sample 84 may be moved in the 

lonairadinal direction by a suitaux* — , 

Mechanism to effect longitudinal posirion for 
scanning. This would be done in lieu of or in 
conjunction with moving the corner cube or end 
mirror. 

F tg 3B shows another embodiment or the 
invention wherein the probe module includes a fxrst 
Animating lens 90, a steering mirror 92 which may 
be rotated by a galvanometer or other suitable 
m echanism 100 about one or two axes in a P^ e 
sometimes referred to as the pupil plane and two 
additional focusing lenses 94 and 96. The sample is 
illustrated as an eye 84'. For FIG. 3B, focus is^at 
or near the rear of eye 84' and the beam is pivoted 
about the nodal point of the eye at roughly the 
position of the ocular lens to scan different points 
alone the rear surface of the eye as mirror 92 is 
^ated about pivot 98 and/or a pivot perpendicular 
thereto by mechanism 100. Again, the position of 
mirror 92, would be communicated to computer 72 m 

suitable manner. _ - A 

Father, as previously discussed, as corner cuoe 
42 is moved by mechanise 46, the longitudinal or 
depth ooint in eye 84' at which detection occurs xs 
varied However, as is seen in FIG. 33. the depth 
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of the focal point for the light beam 102 in the eye 
remains r constant . Thus, for much, of a given deprh 
scan, the beam 102 is out of fociis with the point at 
which readings are being taken. To overcome this 
problem., a scanning mechanism 104 is provided which 
is synchronized with scanning mechanism 4 6 and which 
moves .focusing lens 90 in a direction parallel to 
the direction of the light passing therethrough. 
This causes a change in the focal depth for beam 102 
in sample 84/ . With drives 46 and 104 synchronized, 
the focal point of beam 102 in eye 84* can be made 
subst ant i ally equal to the point being scanned ih 
the eye at each point in time, providing optimum 
resolution for measuring and imaging • Other 
techniques known in the art for altering focal point 
in the longitudinal direction could also be utilized 
to synchronize the focal and detection points. 

In FIG. 3B, scanning is provided in one or two 
transverse dimensions in a single pupil plane* FIG. 
3 C shows an embodiment wherein two single— axes 
scanning mirrors are used, an additional scanning 
mirror .106 being provided in a second pupil plane, 
which mirror is scanned about a shaft 10 8 by a 
galvanometer or other suitable mechanism 110 in a 
direction perpendicular to the direction of rotation 
of mirror 92. Light reflected off of mirror 106 is 
passed through lenses 112 and 114 to pass through 
the aperture of eye 84 ' to a selected focal point in 
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the eye, which point may be varied in three 
dimensions. The galvanometer-driven mirrors 92 ana 
106 in FIGS. 3B and 3C could be replaced by rotating 
poiyaonal mirrors or other angular beau, steering 
devices. As with prior embodiments, information 
concerning positions is communicated to computer 72 
to permit orooer imaging and processing. 

FIG. 3D shows still another embodiment of the 
assembly 25 wherein the mirror 92 in the pupil plane 
is rotated abour a shaft 93 by a suitable rotary 
motion mechanism 95 and also has its pitch alterea 
bv a pitch altering mechanism 97. This results in a 
circular scan of eye 84', the size (i.e. diameter) 
of the circle being scanned depending on the pitch 
anale of mirror 92. The mechanism of FIG. 3D may 
for example be utilized to scan around the optic 
nerve head of the patient's eye and this scan may be 
processed to orovide a two-dimensional scan. 
Althouah mechanical steering mechanisms have been 
discussed above, electro-optic steering mechanisms 
known in the art could also be utilized. 

FIGS. 4A and 4B show still another embodiment 
for assembly 28 wherein fiber 26 is embedded m a 
sheath 101 which is attached to a stationary housing 
105 through a pivot joint 103. Sheath 101 rests on 
a mechanism 107 fixed to housing 105 which mechanism 
may for example be a piezo-electric crystal, stepper 
motor, electro-magnetic actuator, electro-static 
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actuator, or the like. As mechanism 107 moves 
sheath 101, the tip of fiber 26 is moved 
transversely. This movement is converted by lenses 
to either an angular scan about a fixed entry point 
in eye 84* (FIG. 4A) and hence a transverse scan at 
the focal plane of the eye, or a transverse scan 
along a sample such as sample 84 (FIG. 4B) . Lehs 
109 is shown as being movable longitudinally in FIG. 
4B to either control longitudinal scanning or to 
synchronize the focusing in sample 84 with a 
longitudinal scan being performed in one of the 
manners mentioned previously in conjunction with 
FIGS. 1A-1B. If desired, pivot 103 may be 
eliminated so that sheath 101 moves straight up and 
down as a result of the operation of mechanism 107 
rather than moving in an angular direction. 

FIG. 5 illustrates an alternative embodiment 
wherein the probe module is part of an angioscope or 
endoscope which may be utilized for imaging tubular 
structures 120 such as blood vessels, the esophagus, 
or the like. The distal end of fiber 26 is. embedded 
in an inner sheath 122 which is rotatably mounted 
within an outer sheath 124. Inner sheath 122 has a 
lens 126 formed therein at the distal end of fiber 
26 and terminates in an angled mirrored surface 128, 
which surface extends beyond the end of outer sheath 
124. The probe module 121 may be moved laterally 
along vessel wall 120 (i.e. in the direction of 
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a-row 130) either manually or by a suitable crive 
mechanism to scan the vessel wail in one dimension, 
ax.* taper sheath 122, including mirror 128 whxch 
forms oart thereof may be rotated relative to outer 
sheath 124 to scan the vessel wall in a secona 
dimension. The movement of corner cube 42 «*« 
control of mechanism 46 causes scanning in The deptn 
dimension of the vessel wall to provide 
three-dimensional scanning, or such scannxng xn z-m 
denth dimension may be achieved by one of the 
techniques described above. Since for the 
embodiment shown in FIG. 5, probe module 121 may 
move a substantial distance in the direction 130 
alona the vessel wall, in order to maintain th e 
desired equal length for paths 26 and 30, fxber 26 
may initially be provided with a certain amount of 
slac* or may be curled or coiled to permxt movemen- 

•?n this direction. 

The endoscope probe 140 shown in FIG. 6 has a 
lens 90 at the distal end of fiber 26, a 
aalvanometer-controlled mirror 92 and a 
lens 94 which function in the same way and perform 
substantially the same functions as the 
corresponding elements in FIG. 3B. Output beam 142 
from lens 94 is applied to a selected one or more of 
the sinale-mode oprical fibers in fiber opt xc bundle 
144. The fiber of bundle 144 to which beam 142 xs 
allied depends on the scan position of mirror 92. 
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At the distal end of fiber bundle 144, the ourput 
from the bundle 144 is passed through lenses 146 aiid 
148 to sample 84. The transverse position of the 
scanning beam 150 on sample 84 varies with the fiber 
in bundle 144 zo which beam 142 is applied and thus 
with the position of mirror 92. Beam 150 may thus 
be linearly scanned across sample 84 by the rotation 
of mirror 92. If mirror 92 is scanned in two 
dimensions, or if the output from lens 112 of the 
three-dimensional scanning mechanism of FIG. 3C is 
used instead of the output from lens 94, and fiber 
optic bundle 144 has fibers in two dimensions rather 
than in a single dimension, beam 150 may be scanned 
in a two-dimensional pattern across the surface of 
sample 84, permitting three-dimensional scanning to 
be performed. 

FIG. 7 shows still another endoscopic probe 
module 160 which may be constructed utilizing the 
teachings of this invention. For this embodiment, 
the distal end of fiber 26 is connected by a spring 
162 to. the inner wall of sheath 124. Spring 162 
rests* on and is vibrated by a piezoelectric 
transducer 164, or other electromagnetic, 
electrostatic or other actuator known in the art, 
which is connected by electric cable 166 running 
along^the wall of sheath 124 to a driver 168. 
Transverse motion of fiber 26 causes a corresponding 
transverse movement of light beam 170 which is 
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applied to a graded refractive index lens (GRIN 
lens) or other suitable lens 172. The output light 
beam 174 from lens 172 provides a transverse scan of 
sample 84. 

While three different configurations of 
angioscopic/endoscopic probes are shown in FIGS. 
5-7, it is apparent that the teachings of this 
invention may be utilized to provide other 
angioscopic/endoscopic probe modules with either 
internal" or external optics, with movement of either 
the fiber itself or of an external lens or mirror, 
and with varying scan patterns depending on 
application. 

As was discussed earlier, a typical scan pattern 
for the various embodiments of the invention is for 
the probe assembly to be positioned at a selected 
transverse position with respect to the sample and 
mechanism 46 or other longitudinal scanning 
mechanism discussed in conjunction with FIGS. 1A-1B 
to be operated to complete the longitudinal or depth 
scan at the given transverse position. The 
transverse position is then altered in a manner, for 
example, described in conjunction with FIGS. 3-7 and 
a depth scan is completed at the new transverse 
position. This process is repeated until scanning 
has been performed at all desired transverse 
positions. This is the scan pattern illustrated in 
FIG. 8A. 
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However, the scan pattern shown in FIG. 8A 
requires high velocity longitudinal scanning. As 
discussed above, for some embodiments this 
longitudinal scanning is preferably at a constant 
velocity in order to produce a uniform Doppler shift 
whichTcan be demodulated in circuit 56 (FIG. iA) . 
However, very high speed constant velocity scanning 
is difficult to achieve. Therefore, since there is 
less of a requirement on constant velocity for 
transverse scanning, and since resbnantly driven 
galvanometers or fiber deflectors can be used to 
produce very high rates of transverse scanning, a 
scan pattern such as that shown in FIG. 8B may be 
preferable, particularly when a large number of 
transverse points are being utilized for the image. 
In FIG. 8B, a complete transverse scan is performed 
for each longitudinal position. In other words, 
referring, for example, to FIG. 3A, mechanism 86 
would perform a complete cycle for each position of 
mechanism 46 (FIG. 1A) . With this scan pattern, 
mechanism 46 could be stepped rather than 
continuously slewed. 

FIG. 8C shows still another scan pattern which 
may be utilized in practicing the teachings of this 
invention. In this scan pattern, the longitudinal 
position in the sample is controlled using one of 
the techniques for longitudinal positioning 
previously discussed, for example by stepping the 
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position of end mirror 44 to a selected posxtxon, 
and scanning is then performed at this depth or 
longitudinal position in the sample in one or^two 
3 — o cnan has been 
transverse dimensions. uuue 

competed, the scan may either be repeated at the 
same depth or the longitudinal positxon controx may 
be steooed to cause the subsequent scan to be 

oerformed at a different depth. It should be noted 
~^ha- this rhree-dimensional scan is similar to that 
of FIG. 8B except that scanning at each deptn ,evel 
is performed in two rather than one dimensxon and 
such two-dimensional scans may be performed at only 
one or more selected depths rather than at all 

selected dex>t:hs . 

in the foregoing description, the scan pattern 
in the transverse dimensions need not be performed 
using straight lines. Curved or circular scan 
patterns may be used in instances where it « 
desired to obtain depth and cross-sectxonal xmage 
information along specific surfaces whxcn are not 
curved. The scanning embodiments of FIGS. 3D and 5 

illustrate this point. 

One potential difficulty with the embodiments o. 
tne invention discussed up to this point is that a 
complete two or three-dimensional scan of a sample 
may taice a substantial period of txme. Whxle thxs 
m ay be acceptable for samples which do not change 
with time, such as certain mechanical or 
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semiconductor samples, it may not be acceptable for 
biological samples which may change rapidly with 
time. FIG. 9 illustrates an alternative embodiment 
of the invention wherein this problem is overcome by 
scanning the sample in parallel using multiple 
optical sources 12A-12C and multiple detectors 
52A-52C, but a single movable reference mirror 44 ' . 
Separate optical sources may be provided for each 
source 12A-12C or optical radiation from one or more 
sources may be divided to provide the desired number 
of optical, sources. Similarly, multiple references 
may be provided. The outputs from the multiple 
detectors 52A-52C are processed by a special 
processing circuit 180 before being applied to 
computer 72. Where a small number of parallel scans 
are being performed, it may still be necessary to 
also scan such sources laterally. For example, each 
of the beams applied to sample 84 in FIG. 9 could 
also be scanned in the direction in and out of the 
figure to provide three-dimensional scanning. 
Alternatively, parallel scanning could be performed 
in three dimensions. Assuming the capacity of 
electronic processing circuitry 180 is adequate, a 
large enough number of parallel scans in two or 
three dimensions could be provided so that 
additional lateral or transverse scanning of the 
beams is not required. Parallel scanning could also 
be performed utilizing the scan technique of FIG. 
IB. 
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FIG 10 illustrates one possible balanced 
receiver embodiment which may be utilized where 

excess intensity noise is present. For this 

tr^7\ Ron arp used. 

embodiment, two photoaetecto^ ^ — — 
in a manner known in the art to eliminate excess 
intensity noise, this noise being cancelled m 
subtraction circuit 182 , With this embodiment, an 
additional optical coupler 184 is provided which 
receives input from reflections off the sample and 
two faces of corner cube 42. Numerous other 
techniques known in the art for performing balanced 
detecting might also be utilized. The operation for 
the embodiment of the invention shown m FIG. 10 is 
otherwise the same as that described for example an 
conjunction with FIG. 1A. 

A potential problem for embodiments having the 
transverse scanning patterns is that, with the high 
transverse scanning rates the embodiments require, 
the signal bandwidths being employed may be so great 
that signal aliasing may occur in an image. Signal 
aliasing involves variation in image intensity for a 
given imaae which may, for example, vary at the 
Doppler shift frequency <f D >. One way of 
compensating for such aliasing is to P e4rform 
multiple scans on a single sample, to store the 
results of each scan in memory 74 and to average the 
values from the various scans in computer 72 to 
eliminate the aliasing variations. Other preferred 
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ways of eliminating aliasing are -co use one of the 
techniques previously described to obtain a 
modulation higher than the signal bandwidth. 

FIG. 11 illustrates an alternative embodiment of 
the invention utilizing polarized light to detect 
birefringence. For this embodiment of the 
invention, light from light source 12 is polarized 
in a polarizer 190 sandwiched between a pair of 
lenses 192 before being applied to a polarization 
maintaining (high biref r igence) f iber 1.94. For 
purposes of illustration, polarizer 190 is shown as 
vertically polarizing light from source 12, vertical 
polarization being one of the modes of fiber 194. 
Fiber 194 is connected to a polarization maintaining 
coupler 196 which outputs the vertically polarized 
light on polarization maintaining fibers 198 and 
200. Fiber 198 terminates in a focussing lens 202, 
the optical output from which is applied through a 
quarter wave retardatidn plate 204 to sample 84' . 
Plate_ 2t)4 is preferably a zero order or low order 
plate yhich is placed and oriented in a mariner so 
that circularly polarized light is incident on 
sample 8.4'. In the absence of sample birefringence, 
plate 204 converts reflected light passing 
therethrough to fiber 198 into horizontal 
polarization. In the presence of sample 
birefringence which causes light to travel -at 
different speeds through the layer depending on 
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ooiarization, the light ref leered from sample layers 
which are in, or deeper than, the birefringent 
sample structures will in general return to the 
fibe- in elliptical polarization stares. 

In the reference arm, the vertically polarized 
light in fiber 200 is focussed by lens 202 and a 
ouarrer-wavelength retardation- plate .210 to mirror 
4~4. Plate 210, which is also preferably zero oraer 
or low order, is oriented in such a manner that 
light applied to the mirror is elliptically 
polarized and reflections from the mirror whicn are 
returned to fiber 200 are in a linear polarization 
state with equal horizontal and vertical 
components. The sample and reference reflections 
are recombined with interf erometric fringes in 
coupler 196 and applied to a polarization 
maintaining fiber 212. Fiber 212 terminates ma 
lers 214 leading to a polarizing beam splitter 216, 
with horizontally polarized light from the beam 
solitter being applied to detector 52 C and 
vertically polarized light from the beam splitter 
being applied to detector 52D. Lens 214 and 
polarizing beam splitter 116 may be replaced by a 
fiber oolarizing beam splitter. 

The interferometric signals detected by the two 
detectors, which signals are both at the same 
Doppler shift frequency, are separately processed m 
demodulators 56 and A/D converters 70 (the separate 
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demodulators and A/D converters being shown for 
simplicity as single units in FIG. ii) to produce 
two inter ferometric signals, a horizontal amplitude 
component II and a vertical amplitude component 12. 
These Signals are applied to computer 72 and can be 
used therein to determine the round trip 
birefripgent retardation 4> in the sample light 
oath 



4>=arctan 



12 
II 



and to determine the amplitude |I t l f° r the 
sample reflection. 

u t i- Uji^+i^i 2 

Thus, by measuring the relative airiplitude and 
phase of the two detector outputs, information on 
the relative phase retardation along the sample 
principal axes are obtained as a function of sample 
depth. 

Birefringence is observed in structures in the 
eye such as the nerve fiber layer of the retina, as 
well as in other highly ordered biological tissues, 
crystals and other structures . Changes in eye nerve 
fiber layer thickness of 10-20 micrometers may be 
significant interval changes in glaucomky and may 
presage the development of- optic nerve head cupping 
and other visual field loss. Prior art techniques 
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for measuring retinal thickness have only had a 
resolution on the order of 40 micromerers. Howeve. , 

a^ratus shown in FIG. 11 can detect the 
thickness of the birefringent retinal nerve fxber 
laver with a resolution of 10 microns. Back 
sc-attering fro, inside the retinal nerve fiber layer 
(KNFL) can be identified because ^ 
rerardation of back scattering from xnsxae the KBFL . 
increases, as for other biref ringent surfaces, wx.h 
detmh. The range of depth over whxch the 
birefringent retardation is changing is the 
thickness of the SNFL and the rate of change of 
birefringent retardation (total retardatxon dxvxded 
by the thickness of the ENFL) can provide a measure 
of the nerve axon density inside the ENFL. The back 
scattering and reflections from layers deeper than 
the RNFL will acquire a constant amount of 
biref rincrent retardation. 

The ability to make such nerve fiber layer 
me asurements provides a marked advantage in the 
early detection of glaucoma and in the ob^ectxve 
assessment of progression of glaucomatous damage. 
Thus, weak back scattering signals from retxnal 
substructures could be measured and could yxeld 
direct measurements of not only the overall retxnal 
thickness, but the thickness of component sublayers 

as well. 
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Back scattered light can also be detected from 
the first few millimeters of turbid tissue samples 
such as arterial plaque and normal arterial wall. 
FIGS. 12A-12C are illustrations of back scattering 
patterns obtained from an arterial wall which is 
normal and which has various types of plaque 
deposited thereon. The log rate of attenuation for 
back scatter is also different fbir fatty plaque than 
for arterial wall, providing an additional way of 
distinguishing plaque. A fiber optic probe of the 
type shown in FIGS. 5-7 could be delivered by use of 
ah endoscope to a "desired site to provide high 
resolution images for use in laser angioplasty and 
lithotripsy. This would enhance the usability of 
such procedures by reducing the dangers of 
unintentional vessel damage and rupture. This is 
because not only can this technique provide finer 
resolution than is obtainable with prior ultrasonic 
techniques, but also provides the ability to 
distinguish between arterial plaque and normal 
artery wall in a number of ways, including measuring 

birefringence and spectral properties. The internal 

• - . ^.-i^- 
elastic 'lamina of arteries are highly biref ringent , 

which plaques are not. Plaques also have other 

different spectral characteristics. Such 

differentiation is not easily obtained with 

ultrasonic techniques. 
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Further, while specific fiber optic and bulk 
optic implementations have been shown, it is 

P „m. invention could also be practiced 

utilizing other optical implementations and that 
orher modifications in toe specif ic equipment shown 
for performing the functions might be possible. 
Undine on application. Thus, while the invention 
bafbeen'oarticularly shown and described above with 
reference" to preferred embodiments . the foregoing 
and other changes, in form and detail may be made 
therein by one skilled in the art without depart-ng 

from the spirit and scope of the invention. 
WHAT IS CLAIMED IS: 
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CLAIMS 

1. A system for performing optical imaging on 
a sample comprising: 

an optical radiation source; 
. a reference optical reflector; 
7 a first: optical path leading to said 
reflector; 

a second optical path leading to said 
sample, said second optical path terminating in a 
probe module, said probe module including means for 
controlling the transverse position on said sample 
at which imaging is beingr performed/ said sample 
position being selectively changed by said means for 
controlling to scan the sample in at least one' 
transverse dimension; 

means for applying optical radiation from 
said source through the first optical path to said 
reflector and through the second optical path 
including said probe module to the sample; 

means for controlling the longitudinal 
range with the sample from which imaging information 
is being obtained; 

means for combining reflections from the 
reflector received, through the first optical path 
and reflections from the sample received through the 
second optical path, the resulting combined optical 
output having optical interference fringes; 

means for detecting said output; and 
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means for processing the detected output to 
obtain a selected image of the sample. 

2 a system as claimed in claim 1 wherein said 
optical radiation source is a short coherence length 
optical source, wherein said means for -ntrollxng 
longitudinal range controls the relative lengths of 
said ootical paths in accordance with a 
predetermined velocity profile having an 
"instantaneous velocity V at each point on the 
profile, wherein interference fringes occur at 
length matched points on the two optical paths, and 
wherein said optical output has an instantaneous 
modulating frequency. 

3 A system as claimed in claim 2 wherein said 
modulating frequency includes a Doppler shaft 
.reguencv at a frequency f D ~*VA. where X xs 

the wavelength of the radiation source. 

4 A system as claimed in claim 1 wherein 
there is a bandwidth requirement to compensate for 
predominant low frequency noise for the system and 
for system, aliasing, wherein the velocity V xs not 
Sf icient to result in a Doppler shift frequency 

^ which is sufficient to meet said bandwadth 
requirement wherein said longitudinal range 
controlling means includes means for causing an 
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additional modulation at a frequency for at 
least: one of said optical paths, and wherein said 
means for processing includes a demodulator which 
demodulates for ,a modulating frequency which is a 
selected combination of f- and L; 

u M. 

5. A system as claimed in claim 4 wherein said 
additional modulation causing means includes ar 
least one acouto-optic modulator (AOM) in at least 
one of said optical paths. 

6. A system as claimed in claim 5 wherein 
there are two AOM's in said at least one path with 
f M being the difference frequency shift: caused by 
said AOM's. . 

7. A system as claimed in claim 1 wherein said 
transverse position controlling means includes means 
for moving a probe module at the end of the said 
second optical path in at least one dimension 
substantially perpendicular to the direction in 
which optical radiation is applied to the sample. 

8. A system as claimed in claim 7 wherein said 
means' for moving moves the probe in two directions 
perpendicular to the direction of oprical radiation. 
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9. A system as claimed in claim 1 wherein said 
probe module includes means for directing the 
nr^icai radiation at a transverse position on tne 
samole, and wherein said transverse position 
controlling means includes means for optically 
changing said transverse position in at least one 
dimension generally perpendicular to the direction 
in which the optical radiation is appliea to the 
sample . 

10 A system as claimed in claim 9 wherein said 
means for optically changing changes the transverse 
position in two directions perpendicular to the 
direction for optical radiation. 

11 A system as claimed in claim 9 wherein said 
means for ootically changing includes at least one 
movable mirror in the optical path of the radiation 
for steering the radiation at an angle dependent on 
mirror position. 

12. A system as claimed in claim 11 wherein 
said at least one mirror is movable in two 
orthogonal directions for steering the radiation xn 
a direction which varies in two dimensions. 

13. A system as claimed in claim 11 wherein 
there are two mirrors successively spaced along said 
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optical path, said mirrors being movable in 
different generally orthogonal directions. 

14. A sysrem as claimed in claim 9 wherein said 
means for optically changing includes at least one 
of an electro-optic or acousto-optic beam deflector. 

15. A system. as claimed in claim 9 including 
means for rotating said mirror for changing its 
pitch to effect circular scanning., j 

16. A system as claimed in claim 9 wherein said 
probe module is a mechanism^ for scanning internal 
channels . 

IT. A system as claimed in claim 16 wherein 
said probe module includes a rotating mirror for 
transversely directing the second optical path 
radiation, 

18. A system as claimed in claim 17 wherein 
said probe module includes an outer s;heath, an inner 
sheath rotatably mounted within said outer sheath, 
means for directing second optical .path radiation 
throughrthe inner sheath, and means movable with the 
inner sheath for focusing said radiation at a 
selected position on the internal channel, said 
selected position varying as the inner sheath is 
rotated. 



WSDOCID: <WO 9219930A1_I_> 



SUBSTITUTE SHEET 



WO 92/19930 



PCT/US92/03536 



- 70 - 



19 A system as claimed in claim 18 wherein 
said focusing means is a mirror mounted to rotate 
wirh said inner sheath and to reflect radiation 
massing through the inner sheath in a selected 
direction beyond an end of the outer sheath, 

20 A system as claimed in claim 16 wherein 
said orobe module includes an outer sheath, a bundle 
of cotical fibers mounted in said sheath, means for 
ootically connecting the second optical oath to a 
first end of a selected one or more of saad optical 
fibers, said means for optically connecting 
including means for controlling the optical fibers 
to which the second optical path is connected, and 
means for establishing a selected transverse 
position on the sample for each of said optical 
; ib ers and for optically connecting a secona eno of 
each opcical fiber ro the corresponding selecred 
transverse position. 

21 A system as claimed in claim 16 wherein 
said first and second optical paths are in the form 
of first and second optical fibers respectively; and 
wherein said probe module includes an outer 
sheath, means for securing a distal end of the 
second optical fiber to an inner wall of said 
sheath, said means including means for moving said 
distal end toward and away from said wall, and means 
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for: optically, connecting said distal end to the 
sample,;. : >s aid means for optically connecting 
establishing a selected transverse position on the 
sample for each position of said distal end relative 
to said^wall . 

.:22 v - A system as claimed in claim 9 wherein said 
first and second. optical paths are in the form of 
f ; irst and second optical fibers respectively; and 

wherein said transverse position 
controlling means includes means for translating the 
distal end of said second optical fiber. 

23. A system as claimed in claim 1 wherein said 
longitudinal position controlling means includes 
means for controlling the length of the second 
optical path by controlling the spacing between the 
probe iriodule and the sample. 

24. A system as claimed in claim 1 wherein said 
longitudinal position controlling means includes 
means f,qr periodically altering the length of the 
first optical path, resulting in periodic changes in 
the depth position in the sample for a length 
matched point of the second optical "path; and 

, wherein said probe module includes means 
for controlling the depth focus for the module in 
the sample so that the depth focus is maintained 
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substantially a. said length marched point as said 
point is" periodically changed. 

25 A svstem as claimed in claim 24 wherein 
said orobe module includes at least one focusing 
lens for radiation received from said second optical 
path, and wherein said depth focus controlling 
includes means for moving a focusing lens in the 
direction of the radiation passing therethrough to 
control focus depth. 

26. A system as claimed in claim 1 wherein the 
rates at which said longitudinal position 
controlling means and said transverse position 
controlling means are moved are such that points at 
all longitudinal ranges of interest are scanned for 
a aiven transverse position on the sample before the 
transverse position controlling means causes the 
probe module to initiate scanning at a new 
transverse position. 

27. A system as claimed in claim l wherein the 
rates at which said longitudinal position 
controlling means and said transverse position 
controlling means are moved are such that points at 
all transverse positions to be scanned in at least 
one dimension are scanned at a given longitudinal 
ranoe in the sample before the longitudinal position 
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controlling means causes scanning at a new 
longitudinal range to be performed! 

28. A system as claimed in claim 1 wherein said 
transverse position controlling means includes means 
for performing a two-dimensional transverse scan at 
a longitudinal position in the sample determined by 
said longitudinal, position controlling means. 

29. A system as claimed in claim 1 wherein 
images taken during a given scan of the sample 
through all longitudinal ranges and transverse 
positions may have spurious intensity variations; and 

including means for performing a plurality 
of scans on said sample/ and means for averaging 
said scans to compensate for said intensity 
variations. 

30. A system as claimed in claim 1 wherein said 
sample is a biological sample. 

31. A system as claimed in claim 1 wherein said 
source is frequency modulatable spectrally coherent 
optical source/ wherein said longitudinal position 
controlling means includes means for modulating the 
frequency of. the source output/ said interference 
resulting in a signal having a frequency 
proportional to the difference between the first and 
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second path lengths, and wherein said means for 
processing includes means for converging saxa signal 
into imaging information. 

32 A system as claimed in claim 1 including a 
plurality of first and second oprical paths, there 
being an optical radiation source at the -proximal 
end of each path, a reference reflector ar the 
distal end of each first optical path, ana a 
transverse poinr on the sample at the distal ena off^ 
each second optical path, and wherein said means for 
processing includes means for processing the 
received images from the plurality of paths to 
effect parallel scanning of the sample. 

33 A system as claimed in claim 1 including a 
balanced receiver for cancelling intensity noise. 

34. A system for performing optical imaging on 

a sample comprising: 

an optical radiation source; 

an optical path leading to said sample, 
said optical path terminating in a probe module, 
said probe module including means for controlling 
the transverse position on said sample at which 
imaging is being performed, said sample position 
beina selectively changed by said means for 
controlling to scan the sample in at least one 
transverse direction; 



SUBSTITUTE SHEET 



WO 92/19930 PCT/US92/03536 



- 75 - 

means for applying optical radiation 
through^the optical path including the probe module 
to the sample; 

means for controlling an optical 
characteristic of the radiation source output to 
controljithe longitudinal range within the sample 
from which imaging information is being obtained; 

means for receiving optical reflections 
from said sample and responsive at least in part to 
said received reflections for generating an output 
having a frequency proportional to the length of the 
optical path to the longitudinal range in the sample 
being imaged; 

means for detecting said output; and 

means for processing the detected output to 
obtain a selected image of the sample. 

35* A system as claimed in claim 34 wherein 
j said optical radiation source is a frequency 

modulatable source , wherein said optical 
characteristic controlling means controls an input 
to the source to modulate its output frequency, and 
including a reference optical reflector, and an 
additional optical path leading to said reflector, 
and wherein said means for receiving receives 
reflections from said sample and said reflector and 
includes v ,means for combining said reflections * to 
generate ..interference fringes and an output having a 
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frequency which is a function of the difference in 
such path lengrhs . 

ii-ai imaaincj ana 
36. A system rcr pbu.uli»*«« «r 

measurements on a sample comprising: _ 

a short coherence length oprical radiation 

source; 

a reference optical reflector; 

a first optical path leading to said 

reflector; 

a second optical path leading to said 

sample; 

means for applying optical radiation from 
said source through the first optical path to said 
reflector and through the second optical path to the 

SaraPl6; means for altering the length of the second 
oprical path to alter in the relative lengths of 
said ontical paths in accordance with a 
predetermined velocity profile, having an 
instantaneous velocity V at each point on the 

profile; . 

means for combining reflections from the 

reflector received through the first optical path 

and reflections from the sample received through the 

second optical path, the resulting combined oprxcal 

cutout having interference fringes at length matched 

joints on the two paths , the means for altering 
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. causing . periodic changes in the longitudinal range 
position^ in the sample for the length matched points 
of the second optical path; 

a probe module terminating said second 
optical .path, said probe module including means for 
controlling the longitudinal range focus for the 
module in the sample so that the longitudinal range 
focus is maintained substantially at said 
length— matched point as said point is periodically 
changed; 

means for detecting said output; and 
means for processing the detected output to 
obtain a selected image of the sample. 

37. A system as claimed in claim 36 wherein 
said probe module includes at least one focusing 
lens for radiation received from said second optical 
path, and wherein said longitudinal range 
controlling means includes means for moving a 
focusing lens in the direction of the radiation 
passing therethrough to control longitudinal range. 

38. A system for performing optical imaging on 
a sample comprising: 

at least one optical radiation source; 
- at least one optical reflector; 
„a plurality of first optical paths leading 
from said at least one source to said at least one 
reflector; 
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a plurality of second optical paths leading 
from said at least one source to selected transverse 

points on said sample; 

means tor comoimay La.j.<=<~~±~**~ — 

least one reflector received through each first 
ootical path with reflections from the sample 
received through a corresponding second optical 
path, each resulting combined optical output having 
interference fringes at matched points on the two 
oaths; and 

means for processing the combined optical 
cutouts to obtain a plurality of images of the 
sample in parallel, said means including means for 
detecting each of said outputs and means for 
processing the detected outputs. 

39. A system as claimed in claim 38 including 
an optical radiation source for each first optical 
path/second optical path pair. 

40. A method for performing optical imaging on 
a sample comprising the steps of: 

(a) causing short coherence length optical 
radiation to impinge on a reference reflector and on 
the sample through first and second optical paths, 

respectively; . 

(b) altering the relative lengths of saic 
oaths in accordance with a predetermined profile; 
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r : (c) selectively changing the transverse 
position on the sample at which scanning is being 
performed; 

(d) combining reflections from the 
reflector received through the first optical path 
and reflections from the sample received through the 
second,, optical path, the resulting combined optical 
output having interference fringes ar length marched 
points on the two paths; 

detecting said output; and 

processing the detected output to obtain a 
selected image of the sample. 

. 41. A method as . claimed in claim 40 wherein the 
relative rates at which altering step (b) and 
changing step (c) are performed are such that points 
at all longitudinal ranges of interest are scanned 
for a given transverse sample position before the 
transverse position is changed to initiate scanning 
at a new transverse position. 

42. . A method as claimed in claim 40 wherein the 
relative: xates at which altering step (b) and 
changing, step (c) are performed are such that points 
at all transverse positions to be scannied in iat 
least one dimension are scanned at a given 
longitudinal range in the sample before the 
longitudinal range is altered to cause sampling at a 
new longitudinal range to be performed. 
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43 A method as claimed in claim 40 wherein tae 
chanaina step (O includes the step of performing a 
two-dimensional transverse scan at a longituaxnal 
range in the sample determxnea oy — * 

44 A method as claimed in claim 40 wherein 
said imaging involves non-invasive cross-sectional 
imaging in biological specimens. 

45. A method as claimed in claim 44 wherein 
said oross-sectional imaging is performed on various 
eye secrions. 

46. A merhod as claimed in claim 40 wherein 
measurements taken during a given scan of the sample 
through all longitudinal ranges and transverse 
positions may have spurious intensity varxatxons; ana 

including the steps of performing a 
olurality of scans on said sample, and averaging 
said scans to compensate for said intensxty 
variations . 

47. A system for performing selected optical 
imaging and/or measurements on a sample comprxsxng: 

a short coherence length opt xcal raaxatxon 

source at a wavelength X; 

a reference optical reflector; 

a first optical path leading to said 
reflector: 
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a second optical path leading to said 

sample;**.. 

means for applying optical radiation from 
said source through the first optical path to said 
reflector and through the secpnd optical path to the 

sample;.-, 

... r means for altering the relative lengrhs of 
said optical paths in accordance with a pedetermined 
velocity profile, said profile providing for 
continuous alterations in said relative lengths an 
instantaneous velocity V for. each point on the 
profile in at least the region of said profile where 
imaging measurements are to be performed; 

means for combining reflections from the 
reflector received through the first optical path 
and reflections from the sample received through the 
second optical path, the resulting combined optical 
output having interference fringes at length matched 
'points on the two paths and haying an instantaneous 
modulating frequency including a Doppler shift 
frequency at a frequency fpNV/X; • 
means for demodulating said output; and 
.means for processing the demodulated output 
to obtain., information concerning said selected 
measurements ♦ 

48. ,A system as claimed in claim 4 7 wherein 
there is a predominant low frequency noise for the 
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system, wherein the velocity V is not sufficient to 
result in a Doppler shift frequency f D which is 
higher than said predominant low frequency noise, 
wherein said means for altering includes means for 
causing a vibratory change at a frequency f„ in 
the length of at least one of said optical paths, 
and wherein said means for demodulating demodulates 
for a modulating frequency which is a selected 
combination of f D and f M - 

49. A system as claimed in claim 47 wherein 
there is a predominant low frequency noise for said 
system, wherein the velocity V is sufficiently high 
so that the Doppler shift frequency f-, is higher 
than said predominant low frequency noise, and 
wherein said modulating frequency is fp. 

50. A system as claimed in claim 49 wherein the 
velocity V is substantially uniform over said 
velocity profile, at least in the portion thereof 
over which measurements are being taken. 

51. A system as claimed in claim 50 wherein 
said velocity profile is substantially a sawtooth 
profile having a ramp portion with a substantially 
uniform velocity V. 
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52. A system as claimed in claim 50 wherein 
said vjeJLocity profile is a substantially triangular 
velocity profile having two sides , at least one side 
of which is at said uniform velocity V, and wherein 
measurements are taken during movements along at 
least one side of said . prof ile. 

53. A sysrem as claimed in claim 49 wherein 
said means for altering alters, said first path 
length, wherein said velocity profile provides a 
velocity which is not uniform with time, resulting 
in variations in the instantaneous fp, wherein 
said means for demodulating includes means for 
adapting to the f D frequency variations, and 
including means for providing position information 
on alterations in said first path length to said 
means for processing. 

54. A sysrem as claimed in claim 7 wherein said 
demodulating means includes filter means for 
controlling the frequency band about said modulating 
frequency which is accepted by the means for 
demodulating, and wherein said means for adapting 
includes means for expanding the frequency band 
about said modulating frequency which is accept: ed by 
said means for demodulating. 
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55 A system as claimed in claim 53 wherein 
said means for adapting includes means for producing 
a signal having a frequency which vanes 
substantially inversely wxth rhe wlrtx ~ 

caused by velocity variations, and means for mixing 
said sional with said output to obtain an output 
having I substantially constant modulating frequency. 

56 A system as claimed in claim 53 wherein 
said velocity profile is substantially a sinewave 
profile. 

57 a system as claimed In claim 47 wherein 
said means for demodulating includes a bandpass 
filter centered at said modulation frequency -n a 
oass band which is roughly two to three times the 
Lout signal bandwidth of approximately V/C. where 
CL "is the coherent length of the source. 

SB. A system as claimed in claim 47 wherein 
each of said optical paths include a single moae 
^ Lai riber. and means for coupling 
between the optical fiber and the reflector/sample 
at the end of the path. 

59 . A system as claimed in claim 58 wherein 
said fibers are polarization maintaining optical 
fibers . 
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60. A system as claimed in claim 47 including 
means for equalizing the group velocity dispersion 
in the two optical paths. 

61. A system as claimed in claim 60 wherein 
said paths are formed utilizing single mode optical 
fibers of substantially equal length. 

62. A system as claimed in claim 47 wherein 
measurements are to be taken for a predetermined 
depth extent within the sample, and wherien the 
numerical- aperture . for the means coupling the sample 
and the optical fiber, corresponds to a depth field 
equal to the said depth extent. 

63. A system as claimed in claim 47 wherein 
said means for altering includes means for 
reciprocating the reflector in first and second 
directions substantially perpendicular to said first 
optical jpath, to, respectively, lengthen and shorten 
the path,,; measurements being taken when the 
reflector is moved in at least one of said 
directions. 

64. A system as claimed in claim 63 wherein 
said reflector may wobble slightly as it is moved, 
wherein said first optical path includes an optical 
fiber and means for optically coupling between the 
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-iber and the reflector, arid including means for 
maintaining the ref lector in. alignment in spite of 
movemenr and wobble thereof. 

65. A system as claimed, in claim 64 wherein 
said reflector includes a corner-cube, said 
corner-cube functioning as said means for 
maintaining. 

66. A system as claimed in claim 47 wheren said 
samole is a biological sample, said measurements 
being indicative of optical properties of the sample 
along the direction of application of the optical 
radiation. 

67. A system as claimed in claim 66 wherein the 
biological sample is in the eye, the measurements 
being of selected optical properties in the eye. 

68. A system as claimed in claim 47 wherein 
measurements are being taken on at least one 
birefringent layer; and 

including means for polarizing the optical 
radiation from said source in a selected first 
direction, means for altering the polarization of 
the radiation differently for radiation applied to 
said reflector and to said sample, said means for 
altering causing reflected radiation from the 
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reflector to be polarized in a selected second 
direction and causing reflected radiation from the 
sample to be polarized in a direction dependent on 
the birefringence of said layer , the polarized 
reflected radiation from the reflector and sample 
being interf erometrically combined, means for 
splitting and detecting the combined output as two 
outputs having orthogonal polarizations , means for 
separately processing the two outputs to obtain 
separate interf erometric signals, and means for 
combining said interf erometric signals to provide 
selected indications of birefringence. 

69. A system as claimed in claim 47 wherein 
said optical source includes means for providing 
radiation at at least two different wavelengths 
\ 1 and X 2 . wherein said radiation at 
different wavelengths are absorbed and reflected 
differently by the sample resulting in at least a 
first combined optical output modulated at a 
frequency f 1# and a second combined optical output 
modulated at a frequency f 2 , and wherein said 
means for demodulating includes separate 
demodulating means for each of said combined outputs, 

70. vv ; a system as claimed in claim 69 whierein 
each of ..said means for demodulating includes means 
for filtering in a selected band centered at the 
appropriate modulated frequency f . 
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